Introduction
[2] Basaltic intraplate volcanism is abundant both in the ocean basins and on the continents and has occurred through all geologic times, but the cause for the generation of many intraplate volcanic provinces is only poorly understood. Geochronology in combination with the study of chemical and isotopic compositions of volcanic rocks provides an important tool to determine the relations between magma sources, eruption and plate tectonics. For example, intraplate lavas in oceanic regimes often occur along age progressive chains, which have been explained to result from the activity of deep mantle plumes that produce magmas even beneath thick lithosphere [e.g., Duncan and Richards, 1991] . Many continental intraplate lavas occur close to rift systems and lithospheric thinning may also provide a mechanism to generate magmas in the upper mantle [McKenzie and Bickle, 1988] . The Red Sea region and Arabia represent one of the youngest and largest continental intraplate basaltic provinces where magmas may have formed because of both lithospheric extension and mantle plume activity.
[3] The petrogenesis and magma source regions in southwestern Arabia are relatively well characterized and magma genesis is associated with rifting of the Red Sea and Afar mantle plume activity [e.g., Bohannon et al., 1989; Schilling, 1973] . However, the causes of volcanism in northern Arabia are less clear and the far-scale influence of the Afar mantle plume is a major open question. To explain volcanism in northern Arabia several models have been proposed: (1) northwestward channeling of Afar mantle plume material [Camp and Roobol, 1992] , (2) the existence of a (separate) mantle plume [Camp and Roobol, 1992] , (3) melting of mantle lithosphere by heat conduction from sublithospheric anomalous hot mantle [e.g., Weinstein et al., 2006] , (4) progressive lithospheric thinning and tapping of lithospheric (fossil plume material) to asthenospheric sources [Bertrand et al., 2003; Lustrino and Sharkov, 2006; Shaw et al., 2003; Stein and Hofmann, 1992] , and (5) slab break-off involving asthenospheric mantle sources [e.g., Krienitz et al., 2006] .
[4] We present new major, trace element and Sr, Nd, and Pb isotope data and 40 Ar/ 39 Ar ages for Syrian lavas along the northern margin of this Arabian large igneous province and use published geochemical, isotope and age data from Syrian volcanic rocks [Krienitz et al., 2006 [Krienitz et al., , 2007 (see Table S1 ) and Arabia (see captions to Figures 3 and 5 for compilation) in order to investigate the relationship of these lavas to the geochemical and geodynamic processes along the Red Sea margin and thus over a distance of several thousand kilometers. 1 2. Geological Framework [5] Syria is located at the northwestern end of Arabia close to the continent-continent collision zone of the Bitlis suture (Figure 1 ). The Dead Sea Fault, a major plate boundary, forms a large strikeslip fault system in western Syria where about 100 km of lateral movement has occurred since the middle Miocene [Bartov et al., 1980] . Minor extensional movement led to the formation of the Al Ghab graben in the northern part of the Dead Sea Fault (Figure 1 ) and several small NW-SE striking graben structures in Syria and neighboring countries like the Euphrates Fault system [Brew et al., 2001] and two grabens close to the Harrat Ash Shamah volcanic field [Almond, 1986, Figure 1] . Syria is covered by numerous volcanic centers which can be divided into five major areas: (1) the region around Aleppo, (2) the Euphrates graben and continuing into Turkey, (3) the Al Ghab graben as part of the Dead Sea Transform Fault in NW Syria, (4) the large volcano near Homs, and (5) the Syrian part of Harrat Ash Shamah (Figure 1 ). The Harrat Ash Shamah (HAS) is the largest volcanic plateau of Arabia and covers large parts of southern Syria extending about 500 km from Israel through Syria and Jordan into Saudi Arabia and reaching a maximum thickness of 1500 m [e.g., Guba and Mustafa, 1988] . This volcanic plateau represents a thick stack of lava flows which are cut by dikes and covered by scoria cones. Close to Homs lies the Bertrand et al. [2003] , Pik et al. [1998] , and Krienitz et al. [2007] . The presumed area of the flattened Afar plume head is after Schilling et al. [1992] , and the dimension of the Afro-Arabian dome is after Camp and Roobol [1992] . The MMN (Makkah-Madinah-Nafud) Line is a north trending volcanic axis of Harrats Rahat, Khaybar, and Ithnayn forming a single vent system [Camp et al., 1991] . (b) Simplified map of Syria showing the distribution of volcanism. Locations of samples used for isotope analyses in this study are shown as small black circles. Dated volcanic rocks are indicated by large blue circles together with sample names and ages in Ma. Additional geochemical and isotope data to the samples are given by Krienitz et al. [2006 Krienitz et al. [ , 2007 (see also Table S1 ). Ages of samples SY-203 and SY-224 are from Krienitz et al. [2007] . DSF, Dead Sea Fault system; EAFZ, East Anatolian fault zone.
Barshin volcano, a smaller lava plateau, which is truncated and offset in its western part by the northern Dead Sea Transform Fault [Gomez et al., 2006] . Lava flows and small eruption centers occur within the Al Ghab graben. Large regions between Hama and Aleppo are covered by thin lava flows, while small eruption centers with up to 300 m thick lava flows occur along the border with Turkey ( Figure 1 ). In NE Syria lavas mainly occur as thin flows and rows of scoria cones. A few K-Ar ages obtained for Syrian volcanics indicate a Cretaceous phase of magmatism between 130 Ma to 90 Ma [Mouty et al., 1992] , but most ages show that volcanism is younger, starting at about 26 Ma and probably lasting until the Holocene [Demir et al., 2007; Giannérini et al., 1988; Mouty et al., 1992; Sharkov et al., 1994 Sharkov et al., , 1998 ].
Methods
[6] The full analytical details for major and trace element analyses, Sr, Nd and Pb isotope determinations as well as for the Ar-Ar dating procedure are given in the auxiliary material. The results are listed in Tables 1-3 Ar Dating [7] Most of the high-resolution incremental heating analyses yield well-defined age plateaus, with numerous consecutive gas release steps in the midtemperature range comprising a significant fraction (>50%) of the cumulative 39 Ar yield and apparent ages identical within analytical uncertainty (2s; excluding uncertainties in the J value, Figure 2 ). Elevated apparent ages at the edges of many spectra and systematically higher total gas (''K-Ar'') ages demonstrate the efficiency of the incremental heating procedure in selectively releasing low-, medium-, and high-temperature Ar reservoirs i.e., alteration products with or without 39 Ar recoil, primary K-bearing mineral phases (e.g., plagioclase), and mafic high-temperature mineral phases with inherited excess 40 Ar, clinopyroxene and olivine, respectively.
[8] Matrix analyses SY-234, SY-283, and SY-314 and feldspar analysis SY-206 show poorly defined spectra but are included in the discussion to demonstrate the limits of the analytical approach (Figure 2 ; SY-206 not shown). Matrix analyses SY-234 and SY-283 display acceptable single-step precisions, but the overall spectra are strongly disturbed in the high-temperature gas release region, which yields apparent ages ( 40 Ar/ 39 Ar ratios) that are significantly higher than the small mediumtemperature plateau intervals. These unrealistically old ages are most likely derived from groundmass clinopyroxene with initial 40 Ar/ 36 Ar ratios > 295.5 (Figure 2 ).
[9] Inverse isochron analysis of the entire incremental heating data sets yields isochrons with acceptable mean square weighted deviates for all samples except SY-041 and SY-283 (Table 3) . Isochron ages are generally identical to the plateau ages within 1s or 2s uncertainties, but also yield virtual initial 40 Ar/
36
Ar ratios slightly higher than atmosphere (296 to 305), reflecting either systematically elevated initial 40 Ar/ 36 Ar ratios in most samples, or counterclockwise tilting of the isochron (mixing) lines from low-temperature, highatmosphere gas releases due to secondary mineral and 39 Ar recoil. Isochron ages, however, are not systematically younger than the plateau ages, as would be expected from counterclockwise rotation (Table 3) .
Major Element Compositions and Trace Element Ratios
[10] For convenience in the data presentation and following discussions all Syrian lavas analyzed during this study are supplemented by previously published data from Syria and are divided into four groups depending on their spatial occurrence: (1) the NW Syria group comprises lavas that have been erupted north of Hama, around Aleppo and close to the Turkish border (data from Krienitz et al. [2006] ); (2) the NE Syria group is represented by lavas occurring in the Euphrates graben region, around Hasake and in the northeasternmost part of the country; (3) the Dead Sea Transform Fault (DSF) group includes volcanic rocks from the Al Ghab graben and the Jebel Barshin volcano near Homs; and (4) the Harrat Ash Shamah (HAS) group comprises all lavas from the HAS field in southern Syria, Jordan and Israel (data from Altherr et al. [1990] , Bertrand et al. [2003] , Krienitz et al. [2007] , Shaw et al. [2003] , Stein and Hofmann [1992] and Weinstein et al. [2006] ) in order to constrain the large-scale regional evolution of the magma generation in the Arabian region (Figure 1 ). The Syrian samples recovered further north than the HAS (i.e., the NE and DSF groups; Table 1 ) are also supplemented by pub- Sr  631  592  626  979  613  626  2216  2228  2133  Ba  474  302  -203  1089  436  1413  932  -Zr  254  240  199  142  133  244  325  729  468  Hf  --- Ponikarov et al. [1963] , on radiometric ages of volcanic rocks given by Giannérini et al. [1988] , Mouty et al. [1992] , Krienitz et al. [2007] , and Sharkov et al.
[ 1994, 1998] , and on Ar-Ar data presented herein (Table 3) . lished data [Bertrand et al., 2003; Krienitz et al., 2006; Lustrino and Sharkov, 2006] .
Geochemistry Geophysics
[11] Assessing spatiotemporal variations of primary lava compositions in a volcanic province like the western Arabian region requires the definition and elimination of processes that altered the primary compositions of mantle-derived magmas. The correction for those processes then enables one to establish a common basis for comparing different data sets. In brief, crustally contaminated lavas have been identified (see section 5.3) and are not discussed regarding their mantle sources and melt- Note that all lavas were fractionation corrected to a MgO value of 9 wt % prior to plotting. Additionally shown in Figure 3a are the results of peridotite melting experiments made at different pressures (blue) [Hirose and Kushiro, 1993] . Data sources are as follows: Syrian groups (DSF, NE, and NW), this work and Demir et al. [2007] , Krienitz et al. [2006] , and Lustrino and Sharkov [2006] ; Harrat Ash Shamah (HAS), Krienitz et al. [2007] , Shaw et al. [2003] , and Weinstein et al. [2006] ; Red Sea, Altherr et al. [1988] , Eissen et al. [1989] , and Haase et al. [2000] ; Afar, Pik et al. [1998] and Pik et al. [1999] ; Yemen, Baker et al. [1996b Baker et al. [ , 1997 and Manetti et al. [1991] ; Saudi Arabia, Camp and Roobol [1989] and Camp et al. [1991] . ing regime. Subsequently, chemical compositions of lavas were fractionation-corrected because the crystallization of mineral phases or the accumulation of minerals alter the composition of a melt significantly. The used fractionation correction scheme follows the approach of Klein and Langmuir [1987] and includes only lavas with MgO > 5 wt %. Because fractionation histories of lavas with MgO < 5 wt % are too complex in that a correction would lead to unreliable results, such lavas were not considered. However, all Arabian lavas were divided into 46 subgroups in dependence of their spatiotemporal occurrence. The compositions of lavas subsequently were corrected along specific fractionation paths, which were defined by each of the subgroups, to compositions of MgO = 9.0 wt % (subscript 9.0; this procedure is exemplary shown for three representative subsets of samples in Figure S1 ).
[12] Fractionation-corrected major element and olivine adjusted compositions (see caption of Figure 10 for olivine addition procedure) as well as chondrite-normalized (subscript N) REE ratios of crustally uncontaminated lavas, which were erupted simultaneously during the last 13 Ma are plotted in Figures 3 and 4 . For comparative purposes lavas from the Afar region with characteristically high 3 He/ 4 He ratios are also shown (compare Figure 5) . Generally, the Si 15 contents of the lavas are variable and negatively correlated with Fe 15 (Figure 3a) . The highest Si 15 concentrations can be observed in lavas from the Red Sea (47-50 wt %) and lowest concentrations occur in the DSF group (down to 39 wt %), whereas lavas from the remaining regions have Si 15 between 42 and 48 wt %. A well-defined positive correlation between Ti 9.0 and Fe 9.0 exists for the whole data set (Figure 3b) . Notably, the Afar lavas have high Fe 9.0 and Ti 9.0 but are offset from the main trend to higher Ti 9.0 values of about 4.5 wt % at Fe 9.0 between 12 and 13 wt %. In contrast, Red Sea lavas exhibit lowest Fe 9.0 (11-7 wt %) and Ti 9.0 typically below 1. Comparatively high Na 9.0 concentrations (up to 4.7 wt %) are observed for the DSF and HAS groups (Figure 3c ), whereas Yemeni and Saudi Arabian lavas have variable but slightly lower contents. Lavas from NW and NE Syria show Na 9.0 contents scattering around 3 wt %, and samples from the Afar and the Red Sea have Na 9.0 constantly < 3 wt % (Figure 3c) . A general north-to-south increase in Si 9.0 and Al 9.0 accompanied by decreasing Fe 9.0 and Ti 9.0 of the Arabian lavas can be noticed (Figures 3d-3f ). [Furman et al., 2006] , and the rectangle labeled ''P'' denotes the Afar plume composition proposed by Baker et al. [1996b] . The ''Afar'' field represents Afar plume lavas with high 3 He/ 4 He described by Marty et al. [1996] . Additionally shown in Figure 5c is a mixing curve between the proposed mantle end-member ''B'' ( Pb/ 204 Pb = 18.7, and Pb = 20 ppm) [Hegner and Pallister, 1989; Rudnick and Fountain, 1995] . Also shown are fields defined by lavas from Saudi Arabia and Yemen as well as from the Gulf of Aden region (including lavas from Gulf of Tadjoura and the Ardoukoba Rift) and the Red Sea and by samples representative of Arabian crust as well as by xenoliths from the Arabian lithospheric mantle (ALM). The Syrian data have been combined with published data from Altherr et al. Schilling et al. [1992] ; Arabian crustal rocks, Jarrar et al. [2003] and Hegner and Pallister [1989] ; Arabian lithospheric mantle xenoliths, Altherr et al. [1990] , Blusztajn et al. [1995] , and Henjes-Kunst et al. [1990] . Nd compositions of 0.7030 and 0.5130 (designated as endmember A), and 0.7032 and 0.51287 (designated as end-member B) and crustal compositions characterized by high Sr and low Nd isotopic compositions (Figure 5a) . Interestingly, the majority of the HAS and DSF group lavas lie on a negative correlation between end-members A (represented by sample SY-285) and B (represented by sample SY-303), whereas several lavas from all four groups are offset from this main trend having intermediate Nd isotopic compositions but 87 Sr/ 86 Sr significantly higher than 0.7033. Especially lavas from NW Syria have much higher Sr and lower Nd isotope ratios than the rest of the Syrian samples (Figure 5a) (Figure 5d ).
Discussion

Age Dating: Comparison With Previous Studies
[16] The thin lava flows south of Aleppo yield an Ar-Ar age of about 19.4 Ma (Figure 6 ) compared to previous K-Ar ages of 16.7 to 18.0 Ma [Mouty et al., 1992 ]. An about 300 m thick lava succession further north close to the Turkish border was dated at 11.1 to 12.2 Ma showing similar ages to recently dated lavas further east near the Euphrates river with an Ar-Ar age of 8.8 Ma [Demir et al., 2007] . The NE Syrian volcanism is much younger than in the NW and our ages of 3.9 to 0.4 Ma agree well with K-Ar ages of 2.9 to 0.9 Ma [Sharkov et al., 1998 ] and Ar-Ar ages of 2.7 to 0.1 Ma for lavas erupted in the Euphrates region [Demir et al., 2007] . One sample from the Al Ghab graben has an age of 1.8 Ma consistent with previously published K-Ar ages (1.9 to 1.5 Ma [Sharkov et al., 1998] ). Two lavas from the Jebel Barshin lava plateau near the Dead Sea Fault gave ages of 5.1 to 5.3 Ma (Figure 6 ), in agreement with most (n = 18) previously dated samples ranging between 6.3 and 4.9 Ma [Butler et al., 1997; Mouty et al., 1992; Sharkov et al., 1994 Sharkov et al., , 1998 ]. However, six samples from the Homs region dated by Mouty et al. [1992] gave much older K-Ar ages of 120 to 90 Ma which may be unreliable because in two cases other samples from the same locality yielded younger ages of 5.6 Ma and 14.6 Ma [Mouty et al., 1992] Ar ages for lavas recovered from a stratigraphic section within the HAS volcanic field showing that lavas from the lower part of this section (1070 m altitude) and from the uppermost part (1760 m altitude) yield ages between 4.2 and 3.3 Ma, respectively. Consequently, about 700 m of the plateau erupted in less than 1 Ma and thus with extrusion rates comparable to other flood basalt plateaus (e.g., Ethiopia [Hofmann et al., 1997] ). The new ages indicate that abundant volcanism occurred in Syria within the last 21 Ma, i.e., later than the prerift flood basalt volcanism in Ethiopia and Yemen at 31-25 Ma but contemporaneous with the younger volcanic phases of the AfroArabian region [e.g., Ukstins et al., 2002] . Each region in Syria appears to have been volcanically active in distinct periods that partly overlap but with significant time gaps in between. Importantly, no time progression of the volcanic activity is observed within Syria.
Relationship of Volcanic Activity and Tectonic Events
[17] As discussed above the spatiotemporal distribution of volcanism in Syria may be related to either regional tectonic processes affecting the region or to inflow of plume material from the south. The oldest volcanic phase in Syria occurred between 21 and 16 Ma in the HAS and in NW Syria coinciding with the first phase of movement along the Dead Sea Fault (Figures 6 and 7) . The HAS lies close to two graben structures of which at least the southern Sirhan graben formed during the late Oligocene to mid-Miocene [Almond, 1986; Schattner et al., 2006, Figure 1 ]. However, it appears unlikely that this small rift thinned the lithosphere sufficiently to cause voluminous partial melting of the mantle beneath the HAS as the thickness of the lithosphere in the whole region is about 80 km [Mohsen et al., 2006] . Rather, the beginning volcanism at the HAS has been interpreted to reflect the arrival of hot mantle underneath this region [Krienitz et al., 2007] , with melting and magma ascent possibly being enhanced by extensional tectonics.
[18] In NW Syria volcanism at 12 to 9 Ma could be related to a change in the lithospheric stress field and extension caused by the initiation of seafloor spreading producing the Gulf of Aden [e.g., Hempton, 1987] . However, the Aleppo region in NW Syria lies close to the Bitlis suture where compression occurred in the Miocene rather than extension [e.g., Hempton, 1987, Figure 1] . Thus, the younger alkaline volcanism in northern Syria and southern Turkey is more likely related to slab break-off of the subducting slab beneath the Bitlis suture at 11 to 10 Ma [Faccenna et al., 2006] . Asthenospheric upwelling above the sinking slab could generate the NW Syrian magmas due to adiabatic decompression [Keskin, 2003] . In agreement with our suggestion are studies about southern Turkey lavas from the Karacadag volcano [Pearce et al., 1990; Sen et al., 2004] which showed on the basis of major and trace element as well as isotopic compositions that these lavas were generated from a sublithospheric, slightly Figure 6 . Histograms of K-Ar (dark blue) and Ar-Ar (light blue) ages of lavas from the main volcanic Syrian regions. Data sources are this work and from Butler et al. [1997] , Demir et al. [2007] , Giannérini et al. [1988] , Mouty et al. [1992] , and Sharkov et al. [1994, 1998] . trace element enriched mantle source with melt generation under garnet-facies conditions. However, asthenospheric upwelling due to a sinking slab is supported by the observed uplift of the Aleppo region and negative seismic velocity anomalies beneath the Bitlis-Zagros collisional belt indicating relatively hot material in the upper mantle [e.g., Faccenna et al., 2006] .
[19] In the last 6 Ma widespread volcanism occurred in Syria along the Dead Sea Fault but also in relatively stable intraplate areas (HAS, NW and NE Syria) contemporaneous with activity at several large volcanic fields along the Red Sea coast [e.g., Demir et al., 2007; Giannérini et al., 1988; Mouty et al., 1992; Sharkov et al., 1994 Sharkov et al., , 1998 , Figures 1 and 6 ]. This time corresponds to the second phase of movements along the Dead Sea Fault and the commencing ocean floor spreading in the Red Sea [Girdler, 1990, Figure 7] . Although volcanism may be induced by lithospheric extension due to movements along the Dead Sea Fault and the Euphrates Graben, the magma generation in areas distant from extensional tectonic features requires the presence of hot mantle material beneath the Arabian region; that is, the higher potential temperature of the mantle allows voluminous melting even beneath relatively thick lithosphere. Interestingly, the magmatic activity in the northeastern parts of Syria is restricted to the youngest phase (4 to 0 Ma) and thus may indicate the northward migration of the hot mantle material (Figures 6 and 7) . We will use chemical and Sr, Nd, and Pb isotope compositions of the lavas to test this model further, to investigate the melting regime and to define mantle sources contributing to Syrian magmas.
Crustal Contamination
[20] Since magmas in continental regions are frequently affected by crustal assimilation, these contamination effects must be eliminated before the primary mantle source characteristics can be evaluated. We use the Ce/Pb and Nb/Th ratios of lavas to identify crustally contaminated magmas because mid-ocean ridge and ocean island basalts have average Ce/Pb ratios of 25 ± 5 [Hofmann et al., 1986] and Nb/Th ratios of 10-20 [Hofmann, 2003] which are thus characteristic for lavas derived from the Earth's mantle (Figure 8 ). In contrast, continental crustal rocks exhibit lower Ce/Pb and Nb/Th ratios with averages of 4 and 3, respectively [Rudnick and Fountain, 1995] . The Syrian crust is composed of thick sediments covering Proterozoic rocks similar to those from Jordan and Saudi Arabia [e.g., Snyder et al., 1993] . We find roughly triangular variations of Ce/Pb and Nb/Th versus 206 Pb/ 204 Pb where samples reflecting end-members A and B have relatively high Ce/Pb and Nb/Th typical of uncontaminated magmas (Figure 8) . Interestingly, end-member A lavas have slightly higher Ce/Pb and Nb/Th than end-member B lavas, whereas both end-member compositions overlap the range suggested for oceanic magmas. Thus, these two end-members represent mantle compositions, whereas lavas trending to lower Ce/Pb and Nb/Th ratios are contaminated by crustal material. Figure 7 . Compilation of K-Ar (dark blue rectangles) and Ar-Ar (light blue diamonds) ages of lavas from Arabia and major plate tectonic events. Data sources are as follows: Syria, this work and as in Figure 6 ; Harrat Ash Shamah (Jordan), Barberi et al. [1980] [Hegner and Pallister, 1989] Pb. Arrows indicate possible crustal contamination directions, and the lilac fields are defined on the basis of studies of oceanic basalts [Hofmann et al., 1986] which are not affected by continental crustal contamination. Data sources are as in Figure 3 ; crustal trace element data are from Rudnick and Fountain [1995] . Nd/ 144 Nd < 0.5128 and/or with Ce/Pb ratios <20 were assumed being contaminated and remained out of further consideration (Figures 5a and 8a) . Volcanic samples lacking isotope and trace element data were also rejected because contamination criteria could not be applied. One exception concerned lavas from the Saudi Arabian Harrats for which available trace element and isotope analyses are rare or completely lacking. Nonetheless these lavas were included into discussion, because there is petrologic and geologic evidence for the role of crustal contamination being minor [Camp et al., 1991] and because Camp et al. [1991] noticed that the low Sr isotopic compositions [Baubron and Maury, 1980] from several basaltic and intermediate lavas from Harrat Khaybar suggest insignificant crustal contamination.
Melting Regime Beneath Arabia
[22] Melting experiments have shown that the Si and Fe contents of melts are largely independent of the temperature of melting, but strongly depend on pressure and that decreasing pressures lead to increasing SiO 2 and decreasing Fe concentrations in melts [Hirose and Kushiro, 1993; Jaques and Green, 1980, Figure 3a] . In the Red Sea Rift region the melting processes and magma compositions could vary because of (1) variable lithospheric thickness at constant mantle temperature, (2) variable temperature at constant lithospheric thickness, or (3) variable temperature and variable lithospheric thickness. The negative correlation between Si 15 and Fe 15 concentrations of the Arabian lavas is consistent with the assumption that compositional variability is caused by variable melting pressures (Figure 3a) . Negative correlations between Si and Fe have also been observed in Tertiary flood basalt samples from the North Atlantic Province [Fram and Lesher, 1993; Scarrow et al., 2000] and in lavas from ocean islands or at mid-ocean ridges [e.g., Langmuir et al., 1992] . These correlations have been attributed to compositional variations generated by melt formation over a range of depths. The Red Sea lavas with high Si contents and low Fe were generally produced at relatively shallow depths (1-2 GPa, 30-60 km), whereas the lowest Si coupled with high Fe concentrations in Syrian groups and HAS lavas indicate relatively high melting pressures (>2GPa, Figures 3a and 10) . Consequently, lavas from the remaining Arabian regions with intermediate Si and Fe contents formed at intermediate pressures.
[23] The positive correlation between Fe 9.0 and Ti 9.0 (Figure 3b ) implies decreasing degrees of partial melting with increasing pressures, i.e., a dependence of partial melting on lithospheric thickness (case 1) rather than on variable mantle temperatures at constant lithospheric thickness (case 2) which should lead to a negative correlation between Fe and Ti. With changing mantle temperatures and lithospheric thickness (case 3) the magma compositions should not cause any correlation between Fe and Ti because different degree melts would be generated at different pressures. Consequently, the variation of mantle melting reflected by the basalt compositions depends on nonuniform thinning of the lithosphere related to the rifting processes of the Red Sea region but the mantle temperature is relatively constant. The correlations between Si, Ti, and Fe in the Arabian and Red Sea lavas therefore suggest that increasing degrees of melting are associated with decreasing pressures in a pressure-controlled melting regime, i.e., by variable lithospheric thickness (Figure 3 ).
[24] The (La/Sm) N and (Sm/Yb) N ratios of northern Arabian lavas show large variations and trend to higher ratios compared to Saudi Arabian, Yemen and Afar lavas with low (La/Sm) N (<4) and (Sm/ Yb) N (<6) (Figure 4b ). These differences may reflect distinct mantle source compositions and/or variations in the degree and depth of melting. The large range of REE ratios of the Arabian lavas indicate variable degrees of partial melting with residual garnet in the source regions of the Syrian and HAS lavas and thus the generation from garnet peridotite at high pressures (Figure 4) . Krienitz et al. [2007] have shown that the REE ratios in the Syrian HAS lavas are compatible with melting of mantle sources containing variable amounts of garnet at depths of 100 km (see Figure 10) . In contrast, lavas from southern Arabia and Afar have lower (Sm/Yb) N and (Dy/Yb) N along with higher Al 2 O 3 concentrations than northern Arabian lavas indicating less garnet in their sources. Baker et al. [1997] proposed that the REE patterns of Yemeni lavas are produced by mixing of small melt fractions generated in a predominantly garnet perido- 2008GC002254 tite facies mantle with larger degree melts of a spinel peridotite mantle source. We conclude that the northern Arabian magmas form by variable degree of melting of garnet peridotite mantle whereby the basalts in the south formed from garnet and spinel peridotite, i.e., shallower in the mantle (Figure 4b ). The variation of the melting degree between 1 and 6% partial melting implies temperature variations in the mantle of <50°C [Baker and Stolper, 1994] in agreement with our conclusion of relatively constant mantle temperatures (Figure 3b ).
Geochemistry Geophysics
[25] The low Si 9.0 contents in lavas are coupled with high (Dy/Yb) N ratios confirming the relation between the extent and depths of melt formation (Figures 3b and 4a) . The commencing melting process therefore probably took place at greater depths with minor degrees of melting in northern Arabia, i.e., in Syria, Israel and Jordan, compared to the south and the Red Sea region. This assumption agrees with the conclusions of Shaw et al.
[2003] that melt formation in Jordan took place at deeper levels than in Yemen.
Subcontinental Lithosphere as Possible Source for Arabian Magmas?
[26] Several authors argued that the Arabian magmas formed largely from metasomatized subcontinental lithospheric mantle sources because of (1) the abundance of lavas with radiogenic Pb isotopes in Arabia [Bertrand et al., 2003] ; (2) the apparent contribution of spinel peridotite melts to the magmas [Baker et al., 1997; Shaw et al., 2003] ; (3) the similarities in isotopic and incompatible element signatures of Yemeni lavas and amphibole-bearing lithospheric mantle xenoliths [Baker et al., 1998 ]; and (4) the relative depletion of K, Rb, and Ba in the magmas attributed to residual amphibole or phlogopite in the melting zone [Weinstein et al., 2006] . The stability of amphibole or phlogopite in the upper mantle is restricted to the subcontinental lithospheric mantle [e.g., Harlow and Davies, 2004] and the presence of a volatile-rich source in the Arabian lithosphere could explain the extensive melting [e.g., Gallagher and Hawkesworth, 1992] . If true, then melting models, which were developed on the basis of anhydrous mantle assemblages, will be inappropriate to explain volcanism.
[27] However, it appears unlikely that the Arabian subcontinental lithospheric mantle represents the magma source with the radiogenic Pb isotopes (source B) because similar magmas occur in the Gulf of Aden which is underlain by oceanic lithosphere (Figures 1 and 5) . Rather, this mantle source must reside in the asthenosphere which explains its wide abundance and in fact, source B bears some resemblance to the globally occurring source FOZO [Hart et al., 1992; Hauri et al., 1994] . Our REE model does not require melting of spinel peridotite and rather, all of the melts from northern Arabia formed from garnet peridotite, i.e., from mantle deeper than perhaps 80 km ( Figure  4b ) which is consistent with the thick lithosphere determined by seismic studies [e.g., Hansen et al., 2006 Hansen et al., , 2007 Park et al., 2008] . The observed variation in (La/Sm) N probably reflects differences in the enrichment of the mantle, i.e., different source compositions consistent with the variations of the radiogenic isotopes. The composition of the Arabian lithosphere is relatively well known and numerous studies of mantle xenoliths indicated variable incompatible element as well as Sr, Nd, and Pb isotopic compositions Blusztajn et al., 1995 Sr ratios are too high to represent source A. Although there may exist lithologies like underplated basalts or cumulates that potentially could reflect the isotopic compositions of the Syrian lavas neither geochemical nor isotope data have been determined so far. On the basis of the available mantle xenolith studies we conclude that no peridotites with radiogenic isotope compositions similar to the basalts are known from the Arabian subcontinental lithosphere. Furthermore, clinopyroxene is the most important reservoir for the rare earth elements and Zr in mantle peridotite [Garrido et al., 2000] and clinopyroxene from the Arabian enriched hydrous spinel lherzolites have very low Zr/Sm 1 [Baker et al., 1998] and Ba relative to other highly incompatible elements like La or Nb is often interpreted as being due to the reaction of the melt with a residual hydrous phase like amphibole or phlogopite with relatively high distribution coefficients for K, Rb, and Ba [e.g., Clague and Frey, 1982] . Alternatively, the relative depletion of these elements could be a mantle source signature similar to trace element characteristics observed in the so-called HIMUtype basalts [e.g., Sun and McDonough, 1989] . Lavas with K/La > 350 most likely assimilated continental crustal material which is reflected in the negative trends between K/La, 143 Nd/ 144 Nd, and Ce/Pb ratios (Figures 9a and 9d) . Uncontaminated lavas show a negative correlation between Ba/La and K/La although a positive correlation would be expected if the Ba and K variation relative to La is due to residual amphibole or phlogopite in the mantle (Figure 9c ). Consequently, we suggest that the variation of Ba, K, and Rb relative to La in the Syrian basalts reflects mixing of the two sublithospheric sources A and B rather than melting in the presence of a residual hydrous phase.
Cause of Magma Generation Beneath Arabia
[28] Extensive melting of mantle material at a normal potential temperature of 1300°C can only occur when the stretching factor of the lithosphere is between 2 and 5 [ McKenzie and Bickle, 1988; White and McKenzie, 1989] . Camp and Roobol [1992] calculated a local lithospheric stretching factor beneath Saudi Arabia of only 1.0. An initial lithospheric thickness of 100-120 km underneath northwestern Arabia [Mooney et al., 1985] and a thinned lithospheric thickness of 75-80 km beneath Syria [Nasir and Safarjalani, 2000] and Saudi Arabia [McGuire and Bohannon, 1989] yields a stretching factor of 1.3 to 1.6, too low to account for the abundant melt generation.
[29] Primary mantle-equilibrated melts have high MgO values whereas lower MgO contents of 9 wt % in primitive magmas can be attributed to olivine fractionation which may be accompanied by minor removal of Cr-spinel. On the basis of calculated Si 15 and Fe 15 contents (see caption of Figure 10 ) we estimate the pressure and temperature condi- tions for the Arabian lavas using the method of Scarrow and Cox [1995] . Although the calculations based on several algebraic substitutions (fractionation correction, olivine addition, temperature calculation) the results appear reasonable and indicate magma formation at temperatures which were raised by 100-200°C compared to an average potential mantle temperature of about 1300°C [McKenzie and Bickle, 1988] . Such a temperature increase is in agreement with the 3 to 9% decrease of the S wave velocities below the Arabian Shield which have been estimated to be due to an excess temperature of 100 to 300°C [Park et al., 2007] . We suggest that increased mantle temperature prevailed beneath all of Arabia during the extensive melting events, most likely related to the influence of a mantle plume [e.g., White and McKenzie, 1989] . The young Syrian and Arabian lavas were generated at sublithospheric depths and melt formation has taken place at elevated mantle temperatures (Figure 10) . Support for this theory is given by the elevated topography of these regions, by elevated geotherms calculated on the basis of mantle xenoliths [Al-Mishwat and Nasir, 2004; McGuire and Bohannon, 1989; Nasir and Safarjalani, 2000; Snyder et al., 1993] and by heat flow measurements [Gettings, 1981] as well as by seismic tomography, seismic anisotropy, S wave receiver function and shear wave splitting [Daradich et al., 2003; Hansen et al., 2006 Hansen et al., , 2007 Park et al., 2008] . [Scarrow and Cox, 1995] . This MgO value appears suitable for representing the parental magma composition of Arabian lavas because it is slightly higher than the most MgO-rich volcanic rocks found in western Arabian and is comparable to the experimental determined range of primary melts with MgO contents ranging between 12% and 17% under anhydrous and hydrous conditions [e.g., Hirose and Kushiro, 1993] . Temperature estimates are based on the relation T (°C) = 2000*(MgO/SiO 2 *MgO) + 969 with a mean square deviation of 40°C [Albarède, 1992] , and pressure estimates are based on regression through HK 66 melting experiments [Hirose and Kushiro, 1993; Scarrow and Cox, 1995] . Pressure-to-depth conversion is made by the relationship depth (km) = 3.02*P (kbar) + 5 [Scarrow and Cox, 1995] . Additionally shown is a series of asthenospheric mantle adiabats for different potential mantle temperatures (T P = 1280°C, 1380°C, and 1480°C) [McKenzie and Bickle, 1988] , and the dashed line indicates the spinel (Sp) to garnet (Gt) transition.
Origin of the Mantle Sources
Geochemistry Geophysics
Geosystems G 3 G 3 krienitz et al.: tectonics, volcanism, and plumes in northern arabia 10.1029/2008GC002254 appears to have relatively high Ce/Pb and Nb/Th (Figure 8 ). Mid-ocean ridge basalts (MORB) erupted in the Gulf of Aden and in the central and northern Red Sea probably represent the asthenosphere in the Arabian region [Altherr et al., 1988; Eissen et al., 1989; Haase et al., 2000; Schilling et al., 1992] . The similarity of end-member A in the Syrian lavas to incompatible element-enriched Red Sea basalts with relatively high Sr and Pb isotopes probably indicates that end-member A represents incompatible element-enriched portions within the asthenosphere ( Figure 5 ). These enriched portions may be preferentially molten during the genesis of the alkali basaltic magmas and thus show no dilution by the more depleted matrix material of the asthenosphere surrounding them. End-member A is also observed in lavas from Yemen and Saudi Arabia and thus reflects the asthenospheric mantle component beneath Arabia ( Figure 5 ).
[ [Baker et al., 1996b; Schilling et al., 1992; Stewart and Rogers, 1996] ). In fact, the isotope trends of all Arabian lavas converge on end-member B and thus, this source is abundant in the Arabian volcanic rocks as has been pointed out previously, e.g., by Bertrand et al. [2003] . It has been suggested that this component may represent northward flowing Afar plume material [Camp and Roobol, 1992; Schilling et al., 1992] , fossil plume material residing in the subcontinental lithosphere [Bertrand et al., 2003; Stein and Hofmann, 1992] , or material inserted into the asthenosphere by another mantle plume beneath the Arabian Plate [Camp and Roobol, 1992] . We discussed above that end-member B does most likely not reside in the subcontinental lithosphere, for example, because it is also observed in lavas from the Gulf of Aden and from the southern Red Sea [Rogers, 1993; Schilling et al., 1992] , i.e., in lavas erupting through oceanic lithosphere. Rather, the high Pb isotope ratios in Syrian and other Arabian lavas are related to the relatively hot material beneath the Arabian Plate, i.e., to a broad anomalous mantle upwelling.
[32] The Afar deep mantle plume is well defined by seismic tomography [Debayle et al., 2001] and erupted large volumes of flood basalts over the past 30 Ma [e.g., Baker et al., 1996a; Hofmann et al., 1997; Ukstins et al., 2002] . Anomalies with slow seismic velocities suggest that Afar plume material has spread northward beneath the Arabian lithosphere and along the adjoining spreading axes of the Red Sea and Gulf of Aden rather than another plume being present beneath Arabia [Daradich et al., 2003; Debayle et al., 2001; Park et al., 2008] Figure 5a ]. We conclude that this lower mantle Afar plume component cannot cause the observed isotopic variations in the Syrian lavas because it has too low Pb and too high Sr isotope ratios ( Figure 5 ). However, source B occurs in the voluminous basalts in Yemen, the Gulf of Aden, Saudi Arabia, the Red Sea and Syria [Deniel et al., 1994; Schilling et al., 1992; Stewart and Rogers, 1996; Vidal et al., 1991] which are underlain by the seismic anomaly connected to the Afar plume [Daradich et al., 2003; Debayle et al., 2001] . Consequently, source B is most likely related to Afar plume mantle causing increased mantle temperatures and magma production beneath Arabia.
[33] Heterogeneous compositions of mantle plumes are known, for example, from Hawaii [e.g., Abouchami et al., 2005] and heterogeneities may form by entrainment during plume mantle upwelling [Griffiths and Campbell, 1990] . In that sense our interpretation agrees with the conclusion of Furman et al. [2006] Pb isotopic compositions of >20.0 found in lavas from the Turkana depression in the East African Rift System reflect the composition of entrained material that is related to a broad region of mantle upwelling, i.e., the African Superplume, of which the Afar mantle plume forms a part. Thus, there is strong evidence that our source B component with high Pb isotopic characteristics resides in the Afar plume. Consequently the observed isotopic variability of Syrian volcanism supports the model of northward directed mantle flow from the Afar region.
Northward Migration of Afar Mantle Plume Material
[34] The Arabian swell, i.e., the Arabian part of the Afro-Arabian dome, is an area of elevated topography spanning from Yemen along western Arabia to Syria, may have formed by the inflow of material from the Afar area in the south [Camp and Roobol, 1992] . Volcanism started in Ethiopia and Yemen 31 Ma ago [Ukstins et al., 2002] indicating the arrival of the Afar plume head which was accompanied by the onset of continental rifting [Hofmann et al., 1997] . The timing of onset of volcanism of the entire Afro-Arabian region reveals a south to north progression for the initiation of volcansim [Ershov and Nikishin, 2004, Figure 7] . The northward migration of volcanism with time may be related to the flattening of the Afar plume head and northward channeling of plume flow underneath Arabia [Camp and Roobol, 1992; Ebinger and Sleep, 1998] . Presently, such a flow of hot material to the north is supported by seismic tomography and shear wave splitting studies [Daradich et al., 2003; Debayle et al., 2001; Hansen et al., 2006; Park et al., 2008] . This plume flow may have also caused the older volcanic activity in NW Syria, but here much smaller volumes of magmas imply only weak inflow of hot mantle. In contrast, the voluminous volcanism especially between 4.5 and 3 Ma forming more than 700 m of lavas in the HAS volcanic field requires elevated mantle temperatures [Krienitz et al., 2007] . Contemporaneous abundant volcanism in NE Syria and along the Dead Sea Fault ( Figure  6 ) indicates that a strong pulse of hot mantle affected the whole region.
[35] Although isotope data of Syrian lavas provide strong evidence for the involvement of an Afar mantle plume component the far-scale influence of the plume material over a distance of more than 2500 km exceeds the predicted dimensions (2000 km in diameter) of flattened plume heads [Griffiths and Campbell, 1990] and also the extent of the Afar plume that, on the basis of Sr, Nd, Pb, and He isotopes in lavas, has a radius of only 1000 km [Marty et al., 1996; Schilling et al., 1992, Figure 1] . Such a far-ranging influence of the Afar plume material on the genesis of the Syrian lavas requires lateral material flow. Lateral plume flow is common, for example, beneath the oceanic lithosphere where plume mantle is laterally transported up to 1000 km from a rising plume into an adjacent midoceanic spreading axis [e.g., Ito et al., 2003 ]. Combining only the most reliable Ar-Ar ages of lavas in northern Syria (19 Ma) and Yemen (31 Ma) with the distance of about 2600 km between the two locations results in an average lateral flow velocity of the plume material of about 22 cm/a (Figure 7 ). This mantle flow velocity of the Afar plume material is similar to the lower end of estimated velocities of Iceland plume migration along the Reykjanes Ridge spreading axis (16 to > 100 cm/a [Wright and Miller, 1996] ).
[36] Generally, the spreading of the plume material is controlled by the thickness of the lithosphere where plume heads spread preferentially in the direction of the thinnest lithosphere. The focused flow to the north may have been caused by the thick Early Proterozoic to Archaean lithosphere of the African, Tanzania and Arabian cratons lying to the west, south and east of the Afar region [Ebinger and Sleep, 1998 ], whereas the Precambrian basement of western Arabia situated in the north of the Afar area is of relatively dense and thin lithosphere composed of accreted oceanic terranes [e.g., Stoeser and Frost, 2006] . Supporting evidence for relatively recent northward flow of Afar plume material comes from the asymmetric uplift of the Dead Sea Transform [Sobolev et al., 2005] and is suggested by Hopp et al. [2004] on the basis of noble gas isotope systematic in Arabian mantle xenoliths. We conclude that the existing geochemical, geochronological and seismic data suggest a very large area of influence of the Afar plume beneath the Arabian Plate.
Conclusions
[37] The spatiotemporal distribution of Syrians volcanism and the similarities of Sr, Nd, and Pb isotope compositions of Syrian lavas to other Arabian basalts suggest the inflow of hot material from the Afar plume in the south. The generation of several basalt eruptions can be explained by local tectonic processes above anomalously hot mantle and three main volcanic phases can be distinguished since the early Miocene. The oldest volcanism (21 to 16 Ma) occurred in southern Syria and in the Aleppo region and coincides with the first period of movement along the Dead Sea Fault system. The second volcanic phase (between 12 and 9 Ma) mainly affected the Aleppo region in northwest Syria and could be induced by slab break-off at the Bitlis suture zone. The youngest volcanic phase started about 6 Ma ago in Syria and most voluminously with the eruption of most of the HAS plateau. This phase is synchronous with the second phase of movement along the Dead Sea Fault system that may have triggered this renewal of volcanism. However, the volume of magmas in the HAS as well as the abundance of volcanism younger than about 5 Ma in northern Syria is probably caused by the northward migration of the hot mantle plume material underlying the region at present.
[38] Low Ce/Pb and Nb/Th ratios in lavas reveal that crustal contamination contributed to their magma genesis and mixing calculations on the basis of their isotopic composition indicate that lavas have assimilated up to 30% of continental crustal material during their ascent. Fractionationcorrected major element compositions and rare earth element ratios of crustally uncontaminated lavas indicate a pressure control, i.e., lithospheric thickness, on the melting regime in western Arabia and calculated primary compositions of crustally uncontaminated lavas suggest that the lavas were generated at elevated (100-200°C) mantle temperatures as being characteristic for their generation in a plume mantle region. The Sr, Nd, and Pb isotope compositions of crustally uncontaminated lavas indicate that asthenospheric and mantle plume source components contribute to their formation, whereas a lithospheric origin can be excluded. The isotopic compositions of the mantle plume source resemble those from southern Arabian locations clearly related to Afar plume volcanism.
[39] The northward directed age progression of the onset of volcanic activity, the distribution of magma sources, and the increasingly deeper partial melting toward the north reveal the spreading of Afar plume material beneath the Arabian lithosphere. The plume material flowed northward at a rate of about 22 cm/a and over a distance of at least 2600 km. The presence of this relatively hot material enabled significant partial melting even beneath regions with minor lithospheric thinning.
